A novel homology model of TRPC3 reveals allosteric coupling between gate and selectivity filter  by Lichtenegger, Michaela et al.
A
g
M
D
a
b
c
d
a
A
R
R
A
A
K
T
H
S
G
1
a
o
o
t
o
T
c
a
S
H
f
0
hCell Calcium 54 (2013) 175– 185
Contents lists available at ScienceDirect
Cell  Calcium
j ourna l h o mepage: www.elsev ier .com/ locate /ceca
 novel  homology  model  of  TRPC3  reveals  allosteric  coupling  between
ate  and  selectivity  ﬁlter
ichaela  Lichteneggera, Thomas  Stocknerb,  Michael  Poteserd,  Hannes  Schleiferd,
ieter  Platzerd, Christoph  Romaninc,  Klaus  Groschnerd,∗
Institute of Pharmaceutical Sciences – Pharmacology and Toxicology, University of Graz, A-8010 Graz, Austria
Institute of Pharmacology, Center for Physiology and Pharmacology, Medical University of Vienna, A-1090 Wien, Austria
Institute of Biophysics, University of Linz, A-4040 Linz, Austria
Institute of Biophysics, Medical University of Graz, A-8010 Graz, Austria
 r  t i  c  l  e  i  n  f  o
rticle history:
eceived 15 May  2013
eceived in revised form 27 May  2013
ccepted 30 May  2013
vailable online 22 June 2013
eywords:
RPC3
omology modeling
a  b  s  t  r  a  c  t
Utilizing  a novel  molecular  model  of  TRPC3,  based  on  the  voltage-gated  sodium  channel  from  Arcobacter
butzleri  (NaVAB)  as  template,  we performed  structure-guided  mutagenesis  experiments  to  identify  amino
acid  residues  involved  in  divalent  permeation  and  gating.  Substituted  cysteine  accessibility  screening
within  the  predicted  selectivity  ﬁlter  uncovered  amino  acids  629–631  as  the  narrowest  part  of the per-
meation  pathway  with  an  estimated  pore diameter  of <5.8 A˚. E630  was  found  to govern  not  only  divalent
permeability  but  also  sensitivity  of the channel  to block  by  ruthenium  red.  Mutations  in a  hydrophobic
cluster  at  the  cytosolic  termini  of  transmembrane  segment  6, corresponding  to  the  S6  bundle  crossing
structure  in  NaVAB, distorted  channel  gating.  Removal  of  a  large  hydrophobic  residue  (I667A  or  I667E)electivity
ating
generated  channels  with  approximately  60%  constitutive  activity,  suggesting  I667 as  part  of  the  dynamic
structure  occluding  the  permeation  path.  Destabilization  of the  gate  was  associated  with  reduced  Ca2+
permeability,  altered  cysteine  cross-linking  in  the  selectivity  ﬁlter  and  promoted  channel  block  by ruthe-
nium  red.  Collectively,  we  present  a structural  model  of the TRPC3  permeation  pathway  and  localize  the
channel’s  selectivity  ﬁlter  and  the  occluding  gate.  Moreover,  we  provide  evidence  for  allosteric  coupling
between  the  gate  and  the selectivity  ﬁlter  in TRPC3.
 2013©
. Introduction
TRPC proteins contribute to spatial control of cytoplasmic Ca2+-
nd Na+-gradients as well as membrane potential by formation
f non-selective cation channels that are functionally coupled to
ther plasma membrane ion transport systems [1–3]. Thereby,
hese channels control global as well as local Ca2+-homeostasis
f excitable and non-excitable cells in a rather complex manner.
he capability to introduce simultaneous Ca2+- and Na+-entry into
ells has been recognized as a potentially important mechanism for
Abbreviations: BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N′ ,N′-tetraacetic
cid; GPCR, G protein coupled receptor; PLC, phospholipase C; DAG, diacylglycerol;
AG, 1-stearoyl-2-arachidonoyl-sn-glycerol.
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ax:  +43 316 380 9660.
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signal diversiﬁcation [4]. Our understanding of the molecular basis
of this feature and our picture of the architecture of the perme-
ation pathway in TRPC channels is still incomplete. So far, structural
information from crystallography is lacking and only a few func-
tional domains have been identiﬁed, based on homology modeling
and site-directed mutagenesis [5–8]. A conserved LFW motif was
previously discovered as a potential key element of the permeation
pathway. Mutations in the LFW motif completely disrupt channel
function in a dominant negative manner, conferring permeation
deﬁciency also to heteromers with wild type proteins [5,6]. This
feature is consistent with a central position of the LFW sequence
within the channel’s pore complex. Nonetheless, a role of the LFW
motif in speciﬁc channel functions such as selectivity or gating has
not been demonstrated. Analyzing the putative pore domain in
TRPC channels by mutational neutralization of charged residues
identiﬁed structural features essential for Ca2+-permeation. For
TRPC1, negative charges close to the putative pore helix have
been found to determine cation selectivity [6]. Neutralization of
Open access under CC BY-NC-SA license. these charges causes a clear reduction of the TRPC1-dependent
Ca2+-permeability measured in human salivary glands upon het-
erologous expression of the mutants. Similarly, mutational analysis
has uncovered a glutamate residue, that is conserved within the
 license. 
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ore domain of TRPC3/6/7 and Drosophila TRP, as a critical ele-
ent in the selectivity ﬁlter in the Drosophila TRP [8]. Based on
olecular modeling using KcsA and KV1.2 as template structures,
his acidic residue within the central part of the permeation path-
ay has been identiﬁed as key determinant of divalent permeation
n TRPC3 [7]. Unfortunately, TRPC molecular models using KcsA
r KV1.2 as template suffer essentially from insufﬁcient homology
nd lack deﬁnition. It appears important to consider that perme-
bility properties may  be affected by amino acid exchanges in
omains distant to but structurally associated with the selectivity
lter. Speciﬁcally, gating properties may  impact on ion selectiv-
ty as recently documented for the Orai1 channel [9]. To obtain
 more complete picture of the permeation pathway in TRPC3,
e set out to explore structural elements in the pore domain by
 structure-guided mutagenesis approach, adopting recently pub-
ished structural information of the bacterial voltage-gated sodium
hannel NaVAB [10] for molecular modeling. Our functional anal-
sis of TRPC3 pore mutants clearly demonstrates suitability of the
aVAB template and conﬁrms E630 as a key residue in the chan-
el’s selectivity ﬁlter. Furthermore we identify a region forming the
ccluding gate and suggest a close structural relation and functional
oupling between TRPC3 gate and selectivity ﬁlter.
. Methods
.1. Molecular biology
Site directed mutagenesis was performed using the
uickChange II Site Directed Mutagenesis Kit (Stratagene)
ccording to the manufacturers instructions. Mutagenic primer
airs were designed by the QuickChange Primer Design Program®
nd synthesized by genXpress® (VWR). Human TRPC3 (UniProtKB
D: Q13507-3) cloned into pEYFP-C1 vector served as a template,
esulting in a fusion protein N-terminally tagged to YFP. All muta-
ions were conﬁrmed by sequencing the corresponding cDNAs.
.2. Cell culture and transfection
Human embryonic kidney 293 (HEK293) cells were cultured
t 37 ◦C and 5% CO2 in Dulbeco’s Modiﬁed Eagle Medium (DMEM
igh glucose with pyruvate, Invitrogen) supplemented with strep-
omycin (100 g/ml), penicillin (100 U/ml), l-glutamine (2 mM),
EPES (10 mM)  and 10% fetal calf serum. Cells were transiently
ransfected using FuGENE® HD Transfection Reagent (Promega)
s recommended by the vendor. In brief, 200 l Opti-MEM®
Invitrogen) and 5 g DNA was mixed thoroughly and then 6 l
ransfection reagent was added. After mixing, samples were incu-
ated for 15 min  at room temperature and subsequently added to
ells grown in 35 mm-dishes. Cells were harvested and plated to
over slips 24 h after transfection and ﬁnally subjected to whole-
ell patch clamp experiments 48 h after transfection.
.3. Homology modeling
Phylogenetic analysis [11] revealed that TRP channels are evolu-
ionary related to the calcium and the sodium channels, diverging
arly in evolution from the very diverse class of potassium channels.
e selected the NaVAB channel as template because evolutionary
his is the most related channel crystallized so far. Sequence align-
ent between NaVAB and TRPC channels was carried out using
uscle 3.7 [12]. The asparagine residue in helix S6, conserved in
ll calcium and the sodium channels allowed for an unambiguous
lignment of the innermost transmembrane helix. Hydrophathy
nalysis, biophysical properties of membrane exposure and pro-
ein interior orientation were as much taken into account as helix
apping or termination signals [13] for a manual adjustment of theium 54 (2013) 175– 185
full sequence alignment, necessary because of the low sequence
homology between NaVAB and TRPC channels. The model of the
human TRPC3 ion channel (UniProtKB ID: Q13507-3) was based
on the NaVAB crystal structure (PDB ID: 3RVY) [10] with a resolu-
tion of 2.7 A˚. Modeling was carried out with MODELLER (version
9v8) [14] applying the automodel protocol. Fifty models were gen-
erated. Model quality was  assessed using the DOPE score [15] and
ProCheck [16]. The best TRPC3 model had a DOPE score of −35341
(NaVAB template’s DOPE score is −41631). The Ramachandran plot
of TPRC3 showed 90.9% of residues in the most favorable region,
5.6% in the allowed region, 1.4% in the generously allowed region
and 2.0% in the disallowed region, while the NaVAB template had
values of 89.1%, 9.4%, 0.5% and 1.0%, respectively. The model with
the best DOPE score was  selected for visualization and analysis.
2.4. Electrophysiology
Patch pipettes were pulled from thin-wall ﬁlament glass
capillaries GC 150TF-7.5 (Havard Apparatus) to a resistance of
3–4 M.  A Diaphot Inverted Tissue Culture Microscope (Nikon)
was used to identify positively transfected cells by their green
ﬂuorescence when illuminated at 514 nm.  Whole-cell voltage-
clamp experiments were performed at room temperature using
a L/A-EPC7-Ampliﬁer (List Medical Electronic) connected with a
Digidata-1322A Digitizer (Axon Instruments). Currents were ﬁl-
tered at 3 kHz by a 3-pole Bessel ﬁlter and digitized with 8 kHz.
Application of linear voltage-ramp protocols ranging from −130 to
+80 mV  (holding potential 0 mV)  was  controlled by Clampex 9.2
(Axon Instruments) software.
2.5. Solutions and materials
The standard extracellular solution contained (in mM): 140
NaCl, 10 Hepes, 10 Glucose, 2 Mg2Cl, 2 Ca2Cl titrated to pH 7.4
with NMDG. In order to determine permeability of organic cations,
experiments were carried out in standard extracellular solution
with sodium (Na+, diameter d = 1.90 A˚) equimolarly replaced by di-
(DMA+, d = 4.6 A˚), tri- (TriMA+, d = 5.2 A˚) or tetra-methyl ammonium
(TetMA+, d = 5.8 A˚) [17]. In order to ensure integrity of channel func-
tion, solutions furthermore exhibited physiological concentrations
of Ca2+ and Mg2+ (2 mM each). For measuring currents carried by
various monovalent cations, NaCl was  equimolarly replaced by LiCl,
KCl, CsCl, RbCl or NMDG. The standard intracellular solution con-
tained (in mM):  120 cesium methanesulfonate, 20 CsCl, 15 HEPES, 5
MgCl2, 3 EGTA titrated to pH 7.3 with CsOH. For Ca2+-permeability
measurements, solutions were modiﬁed as follows: 140 mM NMDG
and 10 mM Ca2+ extracellularly, 10 mM BAPTA intracellularly and
10 mM Cl− symmetrically in order to eliminate chloride currents.
ECS was pH-adjusted to 7.4 with methanesulfonic acid. Standard
chemicals used for solutions as well as carbachol and dithiothreitol
were purchased from Sigma Aldrich. Ruthenium red was  purchased
from Tocris Bioscience.
2.6. Epiﬂuorescence and TIRF microscopy
Fluorescence microscopy was  performed using a Zeiss Axiovert
Observer D microscope, equipped with a 488 nm and 445 nm laser
excitation device and a Hamamatsu Orca D2 camera system. The
system is equipped with a 100× objective and condenser/beam
deﬂector (Visitron Systems) for total internal reﬂection (TIRF)
microscopy.2.7. Data analysis and statistics
Data analysis and graphical display was done using Clampﬁt
9.2 (Axon Instruments), OriginPro8 (OriginLab Corporation) and
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yMOL (DeLano Scientiﬁc LLC, Schrödinger) software. Data are
xpressed as mean ± S.E.M. Student’s two-sample t-test was used
o assess statistical signiﬁcance (*p < 0.05, **p  < 0.01, ***p < 0.001.).
. Results
.1. E630 and V631 form the narrowest region of the open TRPC3
ore
To identify amino acids and structural motifs relevant for selec-
ivity and gating in the TRPC3 cation channel, we  ﬁrst generated a
olecular model of the TRPC3 pore region using a novel alignment
trategy [18] and the recently crystallized voltage-gated sodium
hannel NaVAB as template architecture. Fig. 1 shows our computa-
ional pore model and a sequence alignment (Fig. 1B) of mammalian
RPC isoforms along with KcsA, KV1.2 and our template molecule
aVAB. TRPC3 has been characterized as a non-selective cation
hannel displaying moderate preference for calcium over mono-
alent cations with a permeability ratio of PCa/PNa = 1.62 [19].
iscrimination between different cation species is governed by a
electivity ﬁlter, which according to our homology TRPC3 model
Fig. 1C) was suggested as a non-helical stretch of 13 amino
cids (629–641) within the putative pore loop (p-loop) connect-
ng transmembrane segments 5 and 6 (TM5–TM6) as depicted in
ig. 1C. Recent mutagenesis studies identiﬁed a glutamate residue
E630) within this stretch as an essential element of the channel’s
ig. 1. Molecular modeling identiﬁes residues with potential signiﬁcance for ion selectiv
f  NaVAB. (A) (i) Side view of structural domains in TRPC3. One subunit is colored accor
emoved for clarity. (ii) Top view of the four subunits (chain A–D) forming the complete T
v1.2  and mammalian TRPC isoforms (TRPC1-TRPC7). E630 as the key element of the T
soleucine residue at the cytosolic end of TM6  (I667 in TRPC3) is largely conserved in TRPC
M5-6  region (residue 570–680) of two opposing subunits A and C. Amino acid residues w
n  yellow. (D) Solvent accessible electrostatic surface potential of wild type TRPC3 (wt-TR
olored red and blue, respectively. TM1-4 of chain A and TM5-6 of chain B have been remium 54 (2013) 175– 185 177
selectivity ﬁlter. Neutralization of this negative charge abolished
Ca2+-permeation through the channel [7]. Inherent to the concept
of a selectivity ﬁlter, the hypothetical p-loop is expected to form the
narrowest part of the permeation pathway in the open conforma-
tion. In an attempt to test this prediction, we performed further
structure-guided mutagenesis in terms of an engineered disul-
ﬁde approach. We exchanged residues within the putative p-loop
(Fig. 2B) to cysteine, anticipating a loss of channel function when
disulﬁde bridges are formed due to sufﬁcient proximity of cysteines
within the tetrameric pore complex. In order to verify cysteine
cross-linking, we  tested for rescue of function by the reducing agent
dithiothreitol (DTT). For these experiments, cells expressing TRPC3
or the respective mutant channel were preincubated with 5 mM
DTT for 2 min  and subsequently measured in the continuous pres-
ence of the compound. Fig. 2A depicts carbachol-evoked inward
currents at −90 mV and outward currents at +70 mV  recorded from
wild type TRPC3 and indicated mutant channels in the absence
or presence of DTT, respectively. Introduction of a cysteine at
positions 630 or 631 completely abolished ion permeation yield-
ing inward currents of −0.3 ± 0.26 pA/pF and −0.1 ± 0.05 pA/pF,
respectively. Currents through these mutants were partially recov-
ered by DTT, yielding inward currents of −2.8 ± 0.87 pA/pF for
the E630C mutant and −1.9 ± 0.88 pA/pF for the V631C mutant
channel. Likewise, the S629C mutant channel displayed strongly
reduced inward currents (−1.07 ± 0.34 pA/pF), which were clearly
restored by DTT (−5.9 ± 4.40 pA/pF). By contrast, substitution of
ity and gating in TRPC3. Molecular model of human TRPC3, based on the structure
ding to the 6 transmembrane (TM) domains. The foremost TM1-TM4 module was
RPC3 tetramer. (B) Sequence alignment of the putative pore region of NaVAB, KcsA,
RPC3 selectivity ﬁlter is conserved among closely related isoforms TRPC3/6/7. An
 channels and may  contribute to the physical channel gate. (C) Excerpt showing the
ith potential signiﬁcance for ion selectivity (E630) and gating (I667) are highlighted
PC3) and E630Q mutant channel (E630Q) showing negative and positive potentials
oved to uncover the permeation path.
178 M. Lichtenegger et al. / Cell Calcium 54 (2013) 175– 185
Fig. 2. An engineered disulﬁde approach identiﬁes E630 and V631 as the narrowest region within the putative pore loop. (A) Histogram showing mean current densities at
−90  mV and +70 mV recorded from carbachol (100 M)  – stimulated HEK293 cells expressing wild type TRPC3 or a mutant TRPC3 channel in which S629, E630, V631, T632 or
S633  has been replaced by cysteine. Currents were recorded in the absence (−DTT) or after 3 min. preincubation and continuous presence of 5 mM dithiothreitol (+DTT). Data
represent the mean ± S.E.M., n > 7. (B) Molecular model of the transmembrane 5–6 region of adjacent subunits A and B. Excerpt shows p-loop residues potentially forming
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ither T632 or S633 by cysteine generated channels that were func-
ionally indistinguishable from wild type TRPC3. Inward currents
n the absence and presence of DTT, respectively, amounted to
14.8 ± 5.61 pA/pF and −7.3 ± 1.88 pA/pF for the T632C mutant and
o −15.2 ± 5.99 pA/pF and −17.1 ± 5.5 pA/pF for the S633 C mutant
s compared to −18.5 ± 3.47 pA/pF and −17.5 ± 7.07 pA/pF for the
ild type channel. Notably, in the presence of DTT, currents through
he V631C mutant showed enhanced outward rectiﬁcation along
ith a signiﬁcant shift in reversal potential (−18 ± 3 mV)  compared
o the wild type channel (9.1 ± 0.79 mV). This ﬁnding suggests
ltered selectivity as a consequence of introducing a cysteine close
o the “selectivity ﬁlter glutamate” E630. A similar tendency of
romoted rectiﬁcation was observed for the T632C mutant. Nev-
rtheless, reversal potentials of T632C in the presence of DTT were
ot signiﬁcantly different from T632C in the absence of DTT or wild
ype TRPC3. Membrane presentation of tested channel proteins was
onﬁrmed by epiﬂuorescence- and TIRF-microscopy (Fig. 2C).
Collectively, our ﬁndings suggest that the distance between cys-
eines introduced at positions 632 or 633 is large enough to prevent
ross-linking whereas cysteines introduced at positions 629, 630
nd 631 appear close enough to allow for disulﬁde-bond formation.
ence, we locate the narrowest region within the TRPC3 p-loop to
ositions 629–631.
.2. E630 determines pore size and sensitivity of TRPC3 to
uthenium red
In order to assess whether neutralization of E630 affects ion
electivity by simply removing an electrostatic interaction site fortative epiﬂuorescence and TIRF microscopy images of HEK293 cells expressing wild
divalents or due to larger rearrangements in pore architecture, we
probed the pore dimensions of the wild type channel in compari-
son to the E630Q mutant. The limiting pore diameter was deduced
from the permeabilities of organic monovalent cations of various
sizes. Whole-cell recordings were started in physiological standard
solution, TRPC3 currents were activated by carbachol and extracel-
lular Na+ was rapidly exchanged for different ammonium ions after
obtaining the maximum current response. Both, wild type TRPC3
(Fig. 3Ai) and E630Q mutant channels (Fig. 3Aii) clearly allowed
permeation of DMA+. Interestingly, the switch to DMA+ gener-
ated even a moderate current increase. Switch to TriMA+ did not
affect the typical slow current decay of TRPC3 wild type channel
activity signiﬁcantly but led to a rapid decline of E630Q currents.
Fig. 3B shows a comparison of the current decay recorded from
wild type and E630Q channels within 10 s after switch to TriMA+
given as % of the maximum current at −90 mV. Currents declined
by 30.6 ± 2.85% in wild type TRPC3 and by 72.7 ± 14.85% in the
E630Q mutant, indicating substantially reduced permeation in the
mutant. Exchange of Na+ for TetMA+ produced a sharp decline
of current in both wild type and E630Q mutant, demonstrating
that channels are fairly impermeable for this large ammonium ion.
Thus, neutralizing the negative charge at position 630 within the
putative p-loop slightly decreases the pore diameter of wild type
TRPC3 from <5.8 A˚ to <5.2 A˚ in the mutant channel. This ﬁnding
was corroborated by functional analysis of cysteine pore mutants
(Fig. 3C). As outlined above, exchange of T632 to cysteine in wild
type TRPC3 did not signiﬁcantly reduce current ﬂow, suggest-
ing that proximity between cysteines is insufﬁcient for disulﬁde
bond formation. By contrast, introduction of a cysteine at position
M. Lichtenegger et al. / Cell Calcium 54 (2013) 175– 185 179
Fig. 3. Neutralization of glutamate E630 reduces the pore diameter of wild type TRPC3. (A) Representative time courses of current during acute amine administration. Inward
currents at −90 mV through wild type TRPC3 (i) or E630Q mutant channel (ii) stimulated by 100 M carachol are shown. Dashed lines indicate the switch from standard
ECS  to solutions in which sodium was equimolarly replaced by the respective amine. (B) Columns show the mean current decay 10 s after switch to amine solution in wild
type  TRPC3 and E630Q mutant channel. Data are expressed as % of the maximum response at −90 mV.  Data represent the mean ± S.E.M., n > 6. (C) Histogram illustrating
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utant channel.
32 into E630Q-background dramatically reduced inward currents
rom −15.7 ± 2.11 pA/pF to −3.1 ± 1.53 pA/pF in the E630Q/T632 C
utant. Treatment of cells expressing the E630Q/T632C mutant
ith DTT resulted in moderate but statistically signiﬁcant increase
n current (5.5 ± 1.17 pA/pF, data not shown), which substantiates
rmation of disulﬁde bonds in the double mutant. Proper mem-
rane targeting of tested mutant TRPC3 channels was conﬁrmed by
piﬂuorescence- and TIRF-microscopy (Fig. 3D). The ﬁnding that a
ysteine introduced at position 632 is able to form disulﬁde bonds
nly in the E630Q mutant background, indicates that neutraliza-
ion of E630 reduces the pore diameter of TRPC3 to an extent that
llows cysteine cross-linking.
As rearrangements in the pore architecture are expected to
mpact on sensitivity of channels to blockers, we investigated
ensitivity of the E630Q mutant to ruthenium red (RR). RR is a
exavalent cation known as a classical voltage-dependent pore
locker of different TRP channel species [20–22]. Moreover, it
as recently been shown that RR inhibits non-selective cation
urrents in dorsal root ganglion neurons that were ascribed to
RPC3 [23]. In our study, RR was permanently present through-
ut the entire experiment. Extracellular application of 3 M RR
Fig. 4A) markedly suppressed TRPC3 inward currents withoutther wild type TRPC3, T632 C mutant, E630 mutant or E630Q/T632 C double mutant
TIRF microscopy images of HEK293 cells expressing E630Q or E630Q/T632C double
signiﬁcant changes in outward currents as expected from a
voltage-dependent pore block. As illustrated (insert), inward
currents at −90 mV  were reduced to −1.95 ± 0.49 pA/pF whereas
the outward currents at +70 mV  remained unchanged despite
the presence of RR (17.9 ± 2.72 pA/pF). The reversal potential was
shifted toward negative values (−19.3 ± 2.66 mV,  data not shown).
In clear contrast, the E630Q mutant channel was completely
insensitive to extracellular application of RR. Inward currents
(−14.1 ± 4.35 pA/pF) and outward currents (9.47 ± 2.54 pA/pF)
were not signiﬁcantly different from those measured in the absence
of RR (inward: −15.7 ± 2.11 pA/pF; outward: 11.1 ± 0.77 pA/pF).
Since it has recently been shown that TRPV1 is inhibited by both,
extracellular and intracellular RR [24], we performed further
experiments in which 3 M RR was  applied from the intracellular
side via the patch pipette solution (Fig. 4B). Application of RR (even
up to 10 M,  data not shown) from the intracellular side failed to
affect current through either wild type TRPC3 or E630Q mutant
channel. Thus, we demonstrate that neutralization of a negatively
charged residue (E630) at the extracellular boundary of the puta-
tive selectivity ﬁlter abrogates sensitivity of TRPC3 channels to the
pore blocker RR. Hence, E630 is likely to determine ion selectivity
by providing an interaction site for permeating divalents and by
180 M. Lichtenegger et al. / Cell Calcium 54 (2013) 175– 185
Fig. 4. E630Q mutation abolishes sensitivity of TRPC3 to voltage-dependent pore blocker ruthenium red. (A) Representative time courses of carbachol (100 M) – evoked
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tabilizing the architecture of the selectivity ﬁlter. Moreover, this
cidic residue is essential for sensitivity of TRPC3 to ruthenium red.
.3. E630 is not essential for monovalent permeation through
RPC3
As evident from the multiple sequence alignment in Fig. 1B,
630 is aligned with the selectivity ﬁlter glutamate in NaVAB
10] and the GYG-signature sequence of KcsA and Kv1.2 that
onstitutes a pivotal element of the selectivity ﬁlter in potas-
ium channels [25]. Having identiﬁed E630 as required for
ivalent permeation, we asked whether this residue would as
ell govern the permeation of monovalent cations. Hence, we
ompared the permeability features of wild type and E630Q
utant channel in terms of the Eisenman permeability sequence
or monovalent cations (Fig. 5). Since classical carbachol-evoked
RPC3 currents are transient in nature, whole-cell voltage-clamp
xperiments were performed in a solution containing a single
onovalent cation and permeabilities were deduced from the
btained reversal potentials. Superfusion of 100 M carbachol
as used to stimulate Na+-, Cs+-, K+-, and Rb+-currents, whereas
i+-currents were provoked by the synthetic DAG-analog SAG
n order to circumvent inhibitory effects of Li+ on G-protein
ignaling [26,27]. For wild type TRPC3, replacing extracellular
odium by other monovalent cations produced only moderate
hanges in reversal potential, suggesting that the TRPC3 selectivity
lter poorly discriminates between diverse monovalent species.
he obtained permeability sequence as deduced from reversal
otentials after correction for liquid junction potential is shown
n Fig. 5A: Li+(−5.1 ± 2.33 mV)  < Na+(0.3 ± 0.8 mV)  < Cs+(6.6 ±
.86 mV)  < K+(6.9 ± 1.02 mV)  < Rb+(8.7 ± 3.54 mV), corresponding
o Eisenman III permeability sequence, which is indica-
ive of a weak ﬁeld strength binding site for monovalent
ations. Interestingly, the E630Q mutant as well displayed
he Eisenman III permeation proﬁle. As depicted in Fig. 5A,
eversal potentials and consequent permeability series was:
i+(−10.8 ± 3.05 mV)  < Na+(−0.14 ± 2.74 mV)  < Cs+(12.6 ± 0.87 mV)
 K+(12.8 ± 1.06 mV)  < Rb+(13.2 ± 2.07 mV). Fig. 5B illustrates the
orresponding I/V-relations of monovalent currents through (i)
ild type channel and (ii) E630Q mutant. In clear contrast toed in HEK293 cells. Extracellular administration of 3 M ruthenium red (RR) via the
e is shown on the right (ii). Inserts present statistics of currents densities recorded
the presence of ruthenium red (+RR). Data are presented as the mean ± S.E.M., n > 5.
divalent permeation, we  ﬁnd that E630 does not contribute to
the electrostatic ﬁeld that determines permeation of monovalent
cations through TRPC3. Strikingly, neither the change in electro-
static basis for divalent permeation nor the associated structural
rearrangements of the pore domain affected monovalent per-
meation. These ﬁndings suggest that monovalent and divalent
permeation through the TRPC3 channel are governed by distinct
structures and mechanisms.
3.4. I667 is part of the physical channel gate at the cytosolic end
of the TM6 helix
To identify structural motifs involved in gating of TRPC3, we
ﬁrst aimed to identify the residue(s), which occlude the channel
in the resting state, referred to as the physical channel gate.
Our template channel for molecular modeling NaVAB, has been
recently shown to exhibit a gate at the cytosolic bundle-crossing
of the pore-forming helices [10]. By analogy, our molecular model
predicted the main gate of TRPC3 located at the C-terminal end of
the pore-forming TM6  domains. In detail, the TM6  helices delimit
the central cavity and narrow toward the cytosol to form the
hydrophobic channel gate that includes isoleucine I667 (Fig. 1C).
Assuming that the large side chain volume of this isoleucine
residue contributes to the hydrophobic seal, we  hypothesized that
mutational exchange to the smaller alanine would hamper channel
closure. Indeed we found that the I667A mutant displays gain
in function, which was  ﬁrst indicated by a reduced cell survival
of HEK293 cells expressing this mutant. Electrophysiological
characterization of cells expressing the I667A mutant revealed
large, constitutive inward currents (−18.3 ± 1.94 pA/pF) and out-
ward currents (22.6 ± 3.66 pA/pF) immediately after whole-cell
break-in (Fig. 6A and D). Currents through I667A channels were
further increased by application of carbachol, producing additional
inward currents at −90 mV  and outward currents at +70 mV of
−9.1 ± 2.19 pA/pF and 18.2 ± 2.82 pA/pF, respectively (Fig. 6A
and D). These results indicate that the I667A mutation severely
destabilizes the occluding gate, resulting in signiﬁcantly increased
constitutive channel activity without generating a maximum
TRPC3 conductance. Consistent with these ﬁndings, replacing I667
by charged glutamate produced a comparable enhancement of
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Fig. 5. Neutralization of E630 does not change the Eisenman permeation proﬁle of monovalent cations. (A) Histogram showing mean reversal potentials of currents
through wild type TRPC3 (wt-TRPC3) or E630Q mutant channels (E630Q) in a solution containing 140 mM of indicated monovalent cations. The permeation sequence
Li+ < Na+ < Cs+ < K+ < Rb+ determined for the wild type as well as for the E630Q mutant channel corresponds to the Eisenman III sequence. Reversal potentials are corrected
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r  E630Q mutant channels (ii). Currents were recorded in the presence of 140 mM o
hat  original traces are not corrected for liquid junction potential.
asal channel activity to a level of about 50% (data not shown).
nterestingly, carbachol-evoked I667A currents did not display
he transient nature of a classical TRPC3-response but remained
table for a few minutes (Fig. 6A), indicating that the gate mutant
s unable to enter a certain de- or inactivated closed state after
hannel activation. To substantiate that the recorded currents
ndeed originate from TRPC3 activity, we tested for sensitivity to
he pore blocker ruthenium red (RR). Importantly, extracellular
dministration of 3 M RR clearly inhibited basal as well as
arbachol-evoked current through the I667A mutant (Fig. 6A). It is
f note that the I/V-relations of currents through wild type TRPC3
nd I667A mutant (Fig. 6B) at time points indicated in (A) reveal a
ore linear proﬁle in case of the mutant channel. In addition, we
oticed a slight leftward shift in reversal potential for the I667A
utant (4.8 ± 2.76 mV)  compared to the wild type (9.1 ± 0.79 mV)
Fig. 6C), pointing toward alterations in selectivity behavior.
tructural rearrangements in the outer pore domain including the
electivity ﬁlter were further indicated by a slight but signiﬁcant
hange in block by RR, which clearly suppressed outward currents
n I667A but not in wild type channels (Fig. 6A). Consequently,
e compared the Ca2+-selectivity of wild type TRPC3 to the I667A
utant. As depicted in Fig. 6C, whole-cell currents recorded in a
olution containing 10 mM Ca2+ as the sole charge carrier, yielded
 dramatic leftward shifted reversal potential for the I667A mutant
−41 ± 1.64 mV)  compared to the wild type (1.8 ± 1.39 mV), indica-
ive of a profound reduction in Ca2+-selectivity. The hypothesis
hat modiﬁcation in the function of the occluding gate impacts
n the structure of the selectivity ﬁlter, was further conﬁrmed
y applying the engineered disulﬁde approach. Introduction of a I/V-relations of carbachol (100 M)-induced currents through wild type TRPC3 (i)
respective monovalent cation and reveal Eisenman III permeability sequence. Note
cysteine at position 629 within the selectivity ﬁlter led to robust
disulﬁde bond formation in wild type TRPC3 whereas serine-to-
cysteine mutation at the same position into I667A background did
not disrupt functionality. As shown in Fig. 6D, negligible carbachol-
induced inward currents at −90 mV (−1.07 ± 0.34 pA/pF) were
recorded for the S629C mutant, whereas the I667A/S629C double
mutant generated inward currents (−15.9 ± 6.11 pA/pF) compa-
rable to those of the I667A mutant. Hence, the I667A mutation
appears to increases the distance between residues at position
629. This ﬁnding strongly indicates alterations in the architecture
of the selectivity ﬁlter along with the I667A mutation. Proper
membrane targeting of tested TRPC3 mutants was conﬁrmed by
epiﬂuorescence- and TIRF-microscopy (Fig. 6E).
In aggregate, our results provide evidence for allosteric coupling
between the TRPC3 gate and selectivity ﬁlter.
4. Discussion
4.1. A structural model of the TRPC3 pore domain based on
homology to NaVAB
We present here a molecular model of the TRPC3 pore complex
that uses the voltage-gated sodium channel NaVAB as a template
structure. Applying a homology-guided mutagenesis approach,
we explored fundamental structure–function relations within the
predicted pore region. Initially, the generated homology model was
scrutinized by two  mutational approaches, (i) probing accessibility
and distance of p-loop residues using an engineered disulﬁde
approach and (ii), determining the pore dimensions of the channel.
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Fig. 6. I667 is part of the physical TRPC3 gate. (A) Representative time courses of currents at −90 mV  and +70 mV  recorded from HEK293 cells expressing wild type TRPC3 or
I667A mutant channel. After cell stimulation with 100 M carbachol (+CCh), 3 M of the pore blocker ruthenium red (+RR) was  administered as indicated. (B) I/V-relations
of  currents through wild type TRPC3 (i) and I667A mutant channels (ii) at time points indicated in (A). Note that traces are not corrected for liquid junction potential. (C)
Histogram showing mean reversal potentials of currents through wild type TRPC3, I667A and I667A/S629C mutant channels in standard exracellular solution (ECS standard)
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lectrophysiological characterization of p-loop mutants revealed
isulﬁde bond formation upon introduction of cysteine at positions
entral within the putative selectivity ﬁlter (629–631) whereas no
ross-linking was observed at positions located at the putative pore
ntrance (632 and 633). This is in full accordance with the predic-
ion of the molecular model and demonstrates that the narrowest
egion within the p-loop is formed by residues E630 and V631. As
hown in Fig. 2B, the distance of C-atoms between these residues
n neighboring subunits was predicted to be 7.2 A˚ and 6.6 A˚,
espectively. Since disulﬁde bond formation in proteins typically
ccurs at a distance between C-atoms of <7 A˚ [28], the proposed
istance between residues at position 629 (9.9 A˚) is quite large for
ysteine cross-linking. Nonetheless, normal protein dynamics and
onformational ﬂexibility typically display an amplitude of up to
A˚ and thereby likely provide enough ﬂexibility to enable disulﬁde
ond formation at position 629. By contrast, residues T632 and
633 are predicted to localize at the outer pore entrance with
 larger inter-subunit distance of 12 A˚ and 13 A˚. Since cysteines
ntroduced at three adjacent positions (629–631) within the p-loop
re capable of cross-linking, we propose a non-helical selectivity
lter deﬁned by amino acid side chains that project toward the
ermeation path to govern selectivity mainly via the side chain ofata represent the mean ± S.E.M., n > 6. (D) Mean current densities at −90 mV and
C3, S629 C, I667A or I667A/S629C double mutant channels. Data are presented as
EK293 cells expressing I667A or I667A/S629C double mutant channels.
E630 as we  have recently shown [7]. It is of note that some cysteine
mutations adjacent to the critical glutamate residue (630) modiﬁed
channel properties in addition to subunit crosslinking. DTT did not
recover exact wild type current properties for positions 631 and
632 as evident from promoted rectiﬁcation and altered reversal
of currents for the V631 C mutant. These alterations are likely due
to slight changes in structure of the selectivity ﬁlter by amino
acid exchange within this critical part of the pore. The concept of
a selectivity ﬁlter formed by the loop connecting the innermost
transmembrane domains using negatively charged residues as key
determinants of selectivity, has been proposed for several mem-
bers of the TRP channel family including the Drosophila TRP [8],
TRPM channels [29,30], TRPVs [31,32] and TRPAs [33]. Noteworthy,
all of these studies used homology models based on the structure of
the evolutionary distant potassium channels, which are known to
exhibit a selectivity ﬁlter formed by carbonyls functions of the pro-
tein main chain instead of amino acid side chains. By contrast, the
closer related voltage-gated sodium channel NaVAB combines the
features of a re-entrant pore loop and a selectivity ﬁlter determined
by amino acid side chains [10,34]. Thus, we consider NaVAB prefer-
able to potassium channels in terms of modeling the pore of TRP
channels.
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Estimation of pore size from permeability for differently sized
lkyl-ammonium ions corroborated a limiting pore diameter of
5.8 A˚ for TRPC3 homomeric complexes. Our ﬁndings are in line
ith studies addressing the pore dimensions of other members of
he TRP superfamily such as the Ca2+-selective TRPV6 (5.4 A˚) [17]
nd TRPV5 (7.5 A˚ at pH = 7.4) [35]. Signiﬁcantly larger pore dimen-
ions were reported for classical non-selective channels of the TRP
amily such as TRPM6 (at least 11.5 A˚) [36], TRPA1 (non-stimulated
11 A˚) [37], TRPP2 (at least 11 A˚) [38] and TRPV1 (>6.8 A˚) [39].
he ﬁnding that the pore size of the non-selective TRPC3 chan-
el resembles those of selective representatives of the TRP family,
ndicates that its Ca2+-permeation may  be governed by electrostatic
eatures rather than by spatial features of the permeation path. It is
ell established that Ca2+-selectivity is achieved with a wide range
f pore diameters. Starting with the tiny pore of ORAI1 (3.6 A˚) [40]
o the larger pores of T-type (5.1 A˚) and L-type (6.2 A˚) calcium chan-
el [41] or TRPV6 (5.4 A˚) and TRPV5 (7.5 A˚) and ﬁnally reaching
he huge pores of the Mg2+/Ca2+-selective TRPM6 (at least 11.5 A˚).
owever, we  ﬁnd that the experimentally estimated pore diame-
er of TRPC3 (<5.8 A˚) is close to that predicted from the molecular
odel (5–6 A˚). Since potassium channels, which have repeatedly
een used for molecular modeling of TRP channels, display much
maller pore diameters of close to 3 A˚, we again regard NaVAB
referable for modeling.
Since our functional characterization of TRPC3 mutants was
erfectly consistent with the molecular architecture predicted by
omology modeling we suggest suitability of the template struc-
ure NaVAB.
.2. The TRPC3 selectivity ﬁlter
Identiﬁcation of E630 within the putative p-loop as the key
lement of divalent permeation led to the question whether
his residue would as well determine monovalent permeation.
urprisingly, wild type as well as E630Q mutant channels
ere characterized by the Eisenman III permeability sequence.
n clear contrast to permeation of divalent cations, the neg-
tive charge of E630 apparently lacks impact on conduction
f monovalent cations. These ﬁndings are in line with stud-
es addressing this issue in other members of the TRP family.
ecently, murine TRPC6 was reported to exhibit the Eisenman
II permeation proﬁle given by relative permeabilities as follows:
Li+(0.77) < PNa+(1) = PCs+(1) < PK+(1.06) < PRb+(1.12) [42] and com-
arable results were obtained for human TRPC6 [43]. This similarity
n pore properties of TRPC3 and TRPC6 is in conﬂict with an ear-
ier study classifying TRPC3 expressed in bovine pulmonary artery
ndothelial cells with a strong-ﬁeld strength binding site for mono-
alent cations given by the permeability order: PNa+ > PCs+ = PK+ [44].
xpression levels of endogenous TRPC proteins is expected to dif-
er between endothelial and HEK293 cells. Thus, a certain amount
f heteromerization is anticipated for native channels in endothe-
ial cells and may  explain the observed discrepancy in selectivity
ehavior. Weak ﬁeld strength binding sites for monovalent cations
ave also been reported for TRPM7 [30] and the non-selective
RPV subtypes TRPV1 [45], TRPV2 and TRPV4 [31]. The latter was
eported to display the Eisenman IV permeation order for mono-
alent cations. Consistent with our ﬁndings in TRPC3, separate
utational neutralization of two aspartate residues identiﬁed as
ey elements of the TRPV4 selectivity ﬁlter, did not alter the chan-
el’s Eisenman sequence. Likewise, mutational neutralization of
he “selectivity-ﬁlter-aspartate” in TRPV5 did not change the mono-
alent permeability order [32]. In summary, our ﬁndings indicate
he existence of two fairly independent permeation mechanisms
n TRPC3. While conductance of divalent cations is dependent on
630, monovalent permeation may  be governed by other charged
oieties along the permeation path such as helix-dipoles.ium 54 (2013) 175– 185 183
Our molecular model predicted profound changes in electrostat-
ics of the permeation path upon neutralization of E630 (Fig. 1D),
which was  found to impact on pore architecture and sensitivity
to pore blockers. We  identiﬁed a reduction of the pore size in the
E630Q mutant by 0.4 A˚. Thus, E630 appears to affect TRPC3 selec-
tivity behavior by stabilizing the global structure of the p-loop
region. Furthermore, we  found that removal of charge in position
630 eliminates sensitivity to the voltage-dependent pore blocker
ruthenium red (RR). This poly-cationic dye acts as a pan inhibitor
on a wide range of cation channels including ryanodine receptors,
mitochondrial calcium transporters, CatSper1, TASK and moreover
all members of the TRPV family as well as TRPM6 and TRPA1
[20–22,46,47]. Apart from a recent report on RR inhibiting a non-
selective cation current in rat dorsal root ganglion neurons that was
accounted to TRPC3 [23], little is known about the effect of RR on
TRPC channels. However, we  observed a potent voltage-dependent
blocking action of RR on TRPC3, which was fully eliminated by the
E630Q mutation. Thus, this negatively charged residue is essen-
tially involved in interaction of RR with the TRPC3 channel pore.
This is consistent with respective structure function relations in
TRPV1 and TRPV4, where a single aspartate within the pore loop
was identiﬁed as molecular determinant of RR sensitivity [21,31].
Similarly, block of TRPM6 by RR appeared to depend on Glu1029
and adjacent Ile1030 [36]. In line with this, our results imply that RR
blocks the pore of TRPC3 from the extracellular side by reversible,
electrostatic interaction with E630.
Altogether, we  suggest E630 as a charged residue within the
pore loop of TRPC3 that critically determines divalent permeation,
pore architecture and sensitivity to a common pore blocker.
4.3. Potential linkage between gate and selectivity ﬁlter
In a number of ion channels, the physical gate was localized
to the cytosolic termini of the pore-forming helices. Speciﬁcally,
the innermost helices narrow toward the cytosolic face and ﬁnally
cross each other to occlude the pore at the bottom of the chan-
nel. This so-called “helix-bundle-crossing” gate classically contains
amino acids with bulky, neutral side chains that form a hydropho-
bic seal. Such a main activation gate was found in mechanosensitive
channels, ligand-gated channels, potassium channels [48–51] and
also sodium channels such as NaVAB [10], which was used here as
template for molecular modeling. In consequence, our hypotheti-
cal model predicted the TRPC3 gate to be located at the cytosolic
end of the pore-forming TM6  domain (Fig. 1C). We identiﬁed I667
within this region as a residue essential for proper channel clo-
sure. Introduction of alanine or glutamate at this position severely
destabilized the hydrophobic seal and rendered the channel con-
stitutively active, implying that the channels gate lost stability to
reside in a closed conformation. Thus, we  suggest an isoleucine
residue (I667) at the C-terminal end of the pore-forming TM6
helix to be part of the main activation gate of TRPC3. Hitherto,
no crystal structure is available for any TRP channel, but substan-
tial ﬁrst insights into 3D structure of TRPC3 at 15 A˚ resolution
were obtained with cryo-electron microscopy [52]. This study sug-
gested the TRPC3 channel gate to be located at the level of the
cytosolic face of the inner leaﬂet of the membrane bilayer, which
is in full accordance with our ﬁndings. Expression of the I667A
mutant in HEK293 clearly decreased overall cell viability, remi-
niscent of other gain-in-function mutations such as the murine
TRPC3-moonwalker mutation [7]. Surprisingly, we found that the
I667A mutant generated an unusual sensitivity of outward currents
to the pore blocker RR. In addition, the Ca2+-permeability of the
mutant was dramatically reduced, corresponding to a decline in
the Ca2+/Cs+-permeability ratio from 3.7 to approximately 0.1 in
the mutant. These ﬁndings led us to hypothesize that reduced gat-
ing stability may  impact on the outer pore structure including the
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electivity ﬁlter. This was conﬁrmed by the observation that the
ate-destabilizing I667A mutation prevented cysteine crosslinking
n the selectivity ﬁlter for cysteine introduction in position 629.
he observation that a single point mutation within the occluding
ate is associated with alterations in ion permeation, sensitivity
o external block by RR and disulﬁde bond formation in the selec-
ivity ﬁlter suggests tight coupling between selectivity and gating
n TRPC3. Similar functional linkage between gate and pore helix
n p-loop channels has been suggested previously for other chan-
els. Motion of the pore helix was reported to regulate gating or
o function as a secondary gate in p-loop channels such as cyclic
ucleotide-gated channels [53], voltage-gated calcium channels
54] and voltage-gated sodium channels [55]. Recently, a similar
oncept was put forward for TRPV channels. Inhibitory gating of
RPV5 by intracellular acidiﬁcation was shown to be associated
ith a conformational rearrangement of the pore helix described
s a clockwise rotation about its axis [35]. In consequence, gat-
ng of TRPV channels was suggested to involve two coordinated
omponents of motion: a hinged movement of the inner helices to
pen the main activation gate at the cytosolic helix-bundle crossing
ombined with a rotation of the pore helices within the p-loop as
he secondary gate [56]. On the assumption that similar holds true
or the related TRPC channels, we propose that the TRPC3 main
ctivation gate is linked in an allosteric fashion to the pore loop
s a secondary gate. This may  explain our observation, that muta-
ional destabilization of the main gate is associated with a change
n selectivity behavior.
Collectively, our results demonstrate suitability of the NaVAB
tructure for molecular modeling of the TRPC family. Based on
his modeling approach, we identiﬁed key determinants of TRPC3
ermeation and gating and revealed a potential structural and func-
ional link between occluding gate and selectivity ﬁlter in the TRPC3
hannel.
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